Abstract. Estrogen and progestin are involved in ovarian carcinogenesis. Change in nm23-H1 expression and the PIK3/ AKT pathway are involved in carcinogenesis, development, invasion and metastasis of ovarian cancers. Therefore, it is critical to understand the signaling pathways that regulate hormone-induced cell migration and invasion in ovarian cancer. We investigated nm23-H1, AKT and pAKT expression by using immunohistochemical staining in ovarian clear cell adenocarcinoma, ovarian benign, borderline and malignant serous tumors and analyzed their relationship with prognostic factors. Using ES-2 and SKOV-3 ovarian cancer cell lines, we studied the modulation of estrogen and progestin on cell migration and invasion as well as their effect on AKT, pAKT and nm23-H1 expression. Furthermore, the signaling pathways were examined using pharmacological inhibitors (LY294002 and PD98059) or AKT siRNA combined with estrogen or progestin in the two cell lines. Weak nm23-H1 and high AKT and pAKT expression was observed in ovarian serous adenocarcinoma and ovarian clear cell adenocarcinoma. Our data demonstrated that the expression of nm23-H1 was negatively correlated with tumor stage and grade and lymph node metastasis, whereas the expression of AKT/pAKT was positively correlated with these clinic factors. Estrogen upregulated pAKT expression and reduced nm23-H1 expression, which ultimately resulted in increased cell migration and invasion. In contrast, progestin reduced pAKT expression and increased nm23-H1 expression, which inhibited cell migration. PIK3 kinase inhibitor LY294002 antagonized the effect of estrogen. On the other hand, it reinforced the effect of progestin. Our data suggest that AKT and pAKT are unfavorable prognostic factors for ovarian serous adenocarcinoma and clear cell carcinomas whereas nm23-H1 expression predicates favorable patient prognosis. Estrogen down-regulates nm23-H1 expression and promotes cell migration and invasion by activating the PIK3/AKT pathway. Progestin has an opposing effect.
Introduction
Epithelial cancers are the most common ovarian malignancies. Among them, clear cell carcinoma and serous adenocarcinoma are more aggressive, tend to metastasize and are associated with poor patient prognosis (1, 2) . Many factors facilitate the migration and invasion of tumor cells, such as tumor secretions, growth factors, the extracellular matrix and metabolites of metastatic target organs. The ovary produces sex steroids. A previous study revealed that postmenopausal estrogen replacement therapy without progestin was a risk factor of carcinogenesis of ovarian clear cell carcinoma, whereas hormone replacement therapy (HRT) with progestin did not increase the incidence of ovarian cancer (1) . On the other hand, oral combination contraceptives (estrogen combined with progestin) decreased the incidence of ovarian cancer (3, 4) . In addition, a high dose of progestin reduced the risk of ovarian cancer to a greater extent (5) , suggesting the protective effect of progestin. But the correlation between sex steroids and ovarian carcinogenesis is still unknown, and the mechanism has not yet been investigated.
It is known that sex steroids are implicated in controlling migration and invasion by two pathways (transcription and non-transcription). Both estrogen receptor (ER)α and ERß induce gene transcription through these pathways. In ERpositive ovarian cancer cells, estrogen activates the phosphatidylinositol 3-kinase/protein-kinase B (PI3K/PKB) signaling pathway through a non-transcription pathway (6, 7) . Previous research suggests that the PIK3 pathway is important in ovarian carcinogenesis (8) . Overexpression of AKT was found in ovarian cancer, implying that it might be involved in ovarian carcinogenesis (9) (10) (11) . In order to identify whether estrogen stimulates the cellular signal transduction pathway, we observed the effects of estrogen and progestin on migration and invasion in ovarian cancer cell lines ES-2 and SKOV-3, and investigated the links between sex steroids and the PI3K/AKT pathway. Metastasis is a multi-step process involving host tumor interactions. Sex steroids could regulate cell migration and invasion by affecting metastasis-related genes. nm23-H1 is a tumor suppressor gene and is positively expressed in normal cells. Loss of nm23-H1 expression in cancers suggests that nm23-H1 may be involved in carcinogenesis, development, invasion and metastasis (12) . Decreased nm23-H1 expression has been reported to correlate with clinical tumor stage, grade, lymph node metastasis and patient survival in ovarian serous and clear cell carcinomas (13) (14) (15) . To date, the mechanism involved in the regulation of tumor metastasis-related genes by steroids via the signal transduction pathway remains unclear .
In the present study, our first aim was to characterize the expression of AKT, phosphorylated AKT (pAKT) and nm23-H1 in benign, borderline serous adenoma, serous adenocarcinoma as well as clear cell carcinoma, in order to analyze the relationship between protein expression and prognostic factors. Secondly, using the ES-2 and SKOV-3 ovarian cancer cell lines as models for ovarian cancer in in vitro migration and invasion assays, we sought to understand the mechanisms associated with estrogen, progestin (medroxyprogesterone, MPA) and the PI3K/AKT pathway on metastasis.
Materials and methods
Cell lines and tissues. Human ovarian serous adenocarcinoma cell line SKOV-3 and clear cell carcinoma cell line ES-2 were obtained from ATCC and maintained in RPMI-1640 (Gibco BRL) containing 10% fetal bovine serum (FBS) (Hyclone) in a humidified atmosphere with 5% CO 2 at 37˚C. We collected paraffin-embedded samples of 21 benign ovarian serous cystadenomas, 18 borderline ovarian serous borderline tumors, 17 primary ovarian clear cell carcinomas and 26 primary ovarian serous adenocarcinomas from patients who underwent surgery at the Gynecology and Obstetrics Hospital of Fudan University from January 2001 to December 2002. All tissues were obtained from patients after written consent using protocols and procedures approved by the Institutional Review Boards. Tumors were collected from patients who received no prior radiotherapy, chemotherapy, hormone therapy or immunotherapy and who did not present other types of cancer. Complete patient follow-up data was available for all the tissue samples used in the study.
Immunohistochemistry. We performed immunohistochemical staining for nm23-H1, total AKT and pAKT (phosphorSer473) protein on paraffin-embedded sections. Briefly, 4-μm sections were deparaffinized, rehydrated and incubated with 0.3% H 2 O 2 to block endogenous peroxidase activity and heated in antigen-restoring solutions. The sections were incubated at 4˚C overnight with anti-nm23-H1 monoclonal antibody (1:50, Santa Cruz Biotechnology Inc., Santa Cruz, CA), anti-AKT monoclonal antibody (1:500, Cell Signaling, 2967) or anti-pAKT (Ser473) monoclonal antibody Wound healing assay. ES-2 and SKOV-3 cells were grown to 80% confluence in 12-well plates in Dulbecco's modified Eagle's medium (DMEM) containing 0.5% FBS. The cell monolayer was scratched using a sterilized 10-μl pipette tip, washed and then subjected to 1x10 6 mol/l 17-ß estrogen (Sigma) or 1x10 6 mol/l MPA (Sigma). The migration of cells into the wound was imaged and monitored at 0, 24 and 48 h after treatment. The images were analyzed in IMS Imaging Software provided by Shanghai Shenteng Information Technology Inc. Results were obtained from three individual experiments.
Cell migration assay. Migration of ES-2 and SKOV-3 cells through 8-μm pores was assessed using a Transwell Cell Culture chamber (Corning Costar). The upper chambers were supplemented with DMEM media containing 0.5% FBS while the lower chambers were supplemented with complete media. Cells (100 μl) at the density of 1x10 5 /ml were seeded onto the upper surface of the culture insert with 1x10 6 mol/l 17-ß estrogen or MPA with or without AKT siRNA. Nonsense siRNA served as the control. After 12 h, the cells on the upper surface of the membrane insert were removed with a cotton swab, and the migrated cells which had migrated to the underside of the membrane insert were fixed with methanol and stained with hematoxylin. The number of cells was counted in five random high-power fields (HPFs) using a light microscope. For each experimental condition, the assay was performed in quadruplicate. The assay was repeated three times. To study the combined effect of hormones and pharmacological inhibitors, ES-2 and SKOV-3 cells were treated with 10 -6 mol/l 17-ß estrogen or 10 -6 mol/l MPA and 25 μmol/l PIK3 kinase inhibitor LY294002 or MAPK inhibitor PD98059 (both from Calbiochem, CA) for 1 h. DMSO served as the negative control. nm23-H1, AKT and pAKT protein expression was detected by Western blot analysis.
siRNA assay. ES-2 and SKOV-3 cells at 60% confluency were transfected with AKT siRNA (Cell Signaling) at the concentration of 4% per sample by Oligofectamine reagent (Invitrogen) and in accordance with the manufacturer's instructions. Nonsense siRNA served as the negative control. After 24 h, transfection efficiency was measured by fluorescence microscopy, and AKT expression was detected by Western blotting. For combination treatment (ie., cells transfected with AKT siRNA for 24 h and treated with estrogen or MPA for 24 h) nm23-H1 protein expression was measured using Western blot analysis.
Western blot analysis. Cells with and without treatment were washed with cold PBS and harvested using RIPA buffer containing protease inhibitor cocktail. Cell lysates were incubated on ice for 30 min. After centrifugation at 14,000 rpm for 10 min at 4˚C, protein concentration was determined using a Bio-Rad protein assay (Bio-Rad, Hercules, CA). Proteins were separated on 10% SDS-PAGE and transferred to a PVDF membrane (Millipore, Bedford, MA). The membranes were blocked by 5% skimmed milk, and the proteins of interest were detected by anti-nm23-H1 monoclonal antibody (1:3000), anti-AKT monoclonal antibody (1:1000) and antipAKT (Ser 473) monoclonal antibody (1:1000), respectively. The blots were then stripped and blotted with a primary antibody against GAPDH (1:3000, Sigma) for equal loading control.
Statistical analysis. Statistical analyses were performed using SPSS10.0 Software. Difference between clinical groups was examined with the Chi-square test. The Student's t-test was used to compare means in different groups. Assuming normal distribution, p<0.05 was determined to be indicative of a significant difference and a 95% confidence interval; that is, the differences between the means were true.
Results

nm23-H1, AKT, pAKT expression and clinicopathological features.
We performed immunohistochemical staining and measured nm23-H1, AKT, pAKT expression in 21 benign ovarian serous cystadenomas, 18 borderline ovarian serous cystadenomas, 17 primary ovarian clear cell carcinomas and 26 primary ovarian serous adenocarcinomas. There were no differences in patient age among the four groups. There were no differences in tumor stage, grade, lymph node status and survival between patients of clear cell carcinomas and serous adenocarcinomas. We found that nm23-H1 was positively expressed in 33.3% of patients with benign cystadenoma, 66.7% of patients with borderline cystadenoma, 57.7% of patients with serous adenocarcinoma and 11.8% of cases with clear cell carcinoma. On the other hand, AKT was rarely expressed in benign and borderline cystadenomas (4.8 and 27.8% respectively) and frequently expressed in serous adenocarcinomas (80.8%). Similarly, positive expression of pAKT in benign, borderline serous cystadenomas and serous adenocarcinomas was 19, 22.2 and 76.9% respectively. For clear cell carcinoma, nm23-H1, AKT and pAKT expression was 11.8, 11.8 and 94.1% respectively (Fig. 1B) .
We examined the association between nm23-H1, AKT and pAKT protein expression and clinicopathological features of the patients with primary ovarian serous carcinoma and clear cell carcinoma. As shown in Table I , we found that nm23-H1, AKT and pAKT expression was negatively associated with age at diagnosis and clinical stage of serous adenocarcinoma patients. nm23-H1 was more frequently expressed in serous adenocarcinoma patients with tumor grade 1 than grade 2 or 3 (p<0.01), whereas AKT and pAKT were more frequently expressed in serous adenocarcinoma patients with tumor grade 2 or 3 than grade 1 (p<0.05). We also found nm23-H1 expression was positively associated with 5-year survival whereas AKT and pAKT expression were negatively associated with 5-year survival. nm23-H1 expression was negatively associated with lymph node metastasis (p<0.01) ( Table I) .
There was no correlation between nm23-H1, AKT and pAKT expression and patient age, tumor stage, 5-year survival and status of lymph node metastasis in ovarian clear cell carcinoma (Table II) .
Effect of estrogen and progestin on migration and invasion of ES-2 and SKOV-3 cells.
In the wound healing assay, 17-ß estrogen significantly stimulated the migration of both ES-2 and SKOV-3 cells after 24 and 48 h of treatment ( Fig. 2A  and B) . The lesion distance of ES-2 cells decreased from 0.83±0.02 mm in the control cells to 0.66±0.06 mm in the estrogen-treated cells (p=0.014) after 48 h of treatment. In the SKOV-3 cells which were treated for 48 h, the lesion distance was 0.25±0.02 mm in the control group and 0.18±0.02 mm in the estrogen group (p=0.015). After 1x10 -6 mol/l MPA treatment for 24 and 48 h, cell migration was inhibited in both ES-2 and SKOV-3 cells. The lesion distance of ES-2 cells increased from 0.66±0.06 mm in the control cells to 0.93±0.02 mm in 48-h MPA-treated cells (p=0.001). In the SKOV-3 cells, the lesion distance was 0.18±0.02 mm in the control group and 0.36±0.03 mm in the 48-h MPA group (p=0.015) (Fig. 2C and D) .
In the cell migration assay, both ES-2 and SKOV-3 cells migrating through the porous membrane transwell cell culture chamber were also stimulated by estrogen and suppressed by progestin, respectively. The average ES-2 cell count crossing the matrigel-coated membrane in 5 HPFs was 92.3±15.6 in the control group, 118.7±12.7 in the estrogen group (p=0.015) and 77.8±7.2 in the MPA group (p=0.006). The average SKOV-3 cell count was 122.7±10.2 in the control group, 166.7±7.4 in the estrogen group (p<0.001) and 90.3±14.7 in the MPA group (p=0.011) (Fig. 3A and B) .
Estrogen and progestin regulate the expression of nm23-H1, AKT and pAKT in ovarian cancer cells. According to the effect of estrogen and progestin on migration and invasion of ovarian cancer cells, we investigated the expression of nm23-H1, the metastasis-related protein. Western blot analysis showed that estrogen reduced nm23-H1 expression in ES-2 and SKOV-3 cells in a dose-and time-dependent manner. Even a low dose of 17-ß estrogen (10 -8 mol/l) reduced nm23-H1 expression, and this suppressive effect reached a peak at the dose of 10 -6 mol/l (p<0.05). Regarding the time course, nm23-H1 expression was slightly reduced after a 24-h treatment, and this reduction reached a peak after a 72-h treatment at the dose of 10 -6 mol/l 17-ß estrogen. As shown in Fig. 4A , MPA increased nm23-H1 expression in ES-2 and SKOV-3 cells also in a dose-and time-dependent manner.
To determine whether the PIK3/AKT pathway was involved in the effect of estrogen and progestin on nm23-H1 expression, we further examined AKT and pAKT expression after hormone treatment. pAKT expression was increased significantly after a 1-h treatment with 17-ß estrogen, starting at the low dose of 10 -8 mol/l in ES-2 and SKOV-3 cells. In regards to the time point, 10 -6 mol/l 17-ß estrogen increased pAKT expression as early as 30 min after treatment. This increase reached a peak at 30 min and 2 h in ES-2 and SKOV-3 cells, respectively. MPA induced a suppressive effect on pAKT expression in both cell lines. Neither 17-ß estrogen nor MPA affected AKT expression (Fig. 4B) . Table II . nm23-H1, AKT, pAKT expression and clinical characteristics of clear cell adenocarcinoma patients. ---------------------------------------------------------------------------------------------------- Table I . nm23-H1, AKT, pAKT expression and clinical characteristics of serous adenocarcinoma patients. ------------------------------------------------------------------------------------------------ 
-----------------------------------------------------------------------------------------------------No. of patients -----------------------------------------------------------------------nm23-H1 AKT pAKT ------------------------------------------------
+ _ + _ + _ -
----------------------------------------------------------------------------------------------------
-----------------------------------------------------------------------------------------------------No. of patients -----------------------------------------------------------------------nm23-H1 AKT pAKT ------------------------------------------------
+ _ + _ + _ ---
-----------------------------------------------------------------------------------------------------
Modulation of AKT interfered with the effect of estrogen and progestin on ES-2 and SKOV-3 cell migration and nm23-H1
expression. Estrogen induced pAKT expression earlier than nm23-H1, and progestin exerted the opposite effect. To define the function of AKT, we used AKT siRNA to specifically down-regulate endogenous AKT expression, and we reassessed cell migration and nm23-H1 expression in ES-2 and SKOV-3 cells. As shown in Fig. 5A , the transient transfection of AKT siRNA into ES-2 and SKOV-3 cells significantly reduced AKT expression by 50-60% (p<0.01) compared with nonsense siRNA transfection.
Despite the incomplete siRNA silencing of AKT expression, in the cell migration assay, the number of cells that invaded to the lower surfaces of the membranes in the estrogen combined with AKT siRNA group was significantly less than the 17-ß estrogen plus nonsense siRNA control group. On the other hand, combined with AKT siRNA treatment, MPA inhibition of cell invasion was enhanced ( Fig. 5B and C) . These results suggest that the PIK3/AKT pathway might be involved in the regulation of estrogen and progestin in cell invasion.
Since after estrogen treatment, pAKT protein upregulation occurred earlier than nm23-H1 protein downregulation, we speculated that using siAKT to knock-down AKT expression could modify the effect of estrogen on nm23-H1 expression. As expected, upon treatment with AKT siRNA, the suppressive effect of estrogen on nm23-H1 was restored (p<0.05) compared to treatment with nonsense siRNA in ES-2 and SKOV-3 cells. Likewise, AKT siRNA treatment decreased the up-regulation of nm23-H1 by progestin (p>0.05) (Fig. 6A) .
In order to further confirm the involvement of the PIK3/ AKT pathway in the hormone regulation of nm23-H1 expression, we treated ES-2 and SKOV-3 cells with the PIK3/AKT inhibitor LY294002 or the MAPK inhibitor PD980059 combined with estrogen or MPA, and then reassessed nm23-H1 expression. As expected, treatment with LY294002 decreased the down-regulation of nm23-H1 by estrogen in both ES-2 and SKOV-3 cells. Likewise, LY294002 treatment decreased the up-regulation of nm23-H1 expression by MPA. Treatment with PD980059 had no effect on the hormone-induced change of nm23-H1 expression. These results further support the association between the PIK3/AKT pathway and the influence of hormones on cell metastasis.
Discussion
Migration of cancer cells from a primary tumor to a site of potential metastasis depends on a series of complex biological steps, regulated by multiple genes. It is well known that advanced ovarian cancer is characterized by a high frequency of metastasis to lymph nodes and invasive growth into multiple organs due to peritoneal dissemination. The 5-year survival rate of patients with advanced ovarian carcinoma is only 30% compared to 60-70% of early stage patients. Thus, it is urgent to develop innovative approaches for the treatment of ovarian cancer. Defining genetic aberrations and their underlying molecular changes involved in the process of metastasis can aid in the treatment of ovarian cancers.
In this study, we evaluated anti-metastatic protein nm23-H1, AKT as well as pAKT in ovarian serous tumors and clear cell carcinomas. nm23-H1, a metastasis suppressor gene, is expressed in normal cells and participates in cellular message transduction and in maintaining normal physiological function. Down-regulation of nm23-H1 was reported to induce meiosis and spindle rearrangement, alter the cell skeleton, facilitate cell movement, and be involved in cell migration, invasion and metastasis. Our results showed that nm23-H1 was expressed in 33.3% of patients with benign serous cystadenomas, 66.7% of patients with borderline serous tumors and 57.7% of patients with serous adenocarcinomas. nm23-H1 expression was negatively related to clinical tumor stage, grade and lymph node metastasis and positively related to survival. Our results suggest that increased levels of nm23-H1 are associated with a favorable prognosis for ovarian serous adenocarcinomas. In benign tumors, highly expressed nm23-H1 inhibited cell proliferation in contrast with that in malignant tumors. Decreased nm23-H1 expression altered cell behavior such as proliferation and differentiation, suggesting that the loss of nm23-H1 expression is involved in the process of benign to malignant transition (16, 17 ). Furthermore, a low level of nm23-H1 was associated with high invasiveness of clear cell carcinoma, implicating that nm23-H1 downregulation tends to promote development, invasion and metastasis in clear cell carcinomas (18) . In support of our results, Brustmann and Naude (19) reported that nm23-H1 was not or slightly expressed in normal or hyperplasia endometrium and expressed in 52.7% of endometrial carcinomas relative to tumor grade. nm23-H1 expression is not only an indicator of metastasis but also a marker for evaluating metastasis, recurrence and prognosis.
The PI3K/AKT cell-signaling pathway is implicated in cell migration and invasion (19) (20) (21) . AKT has been shown to be amplified or overexpressed in ovarian cancer, implying that it has a role in ovarian carcinogenesis (9) (10) (11) . In the present study, we found that the levels of AKT and pAKT increased from benign, borderline to malignant serous tumors. AKT and pAKT expression was associated with tumor grade, lymph node involvement and 5-year survival in ovarian serous adenocarcinomas. Tumors with positive AKT and pAKT expression are more aggressive and are associated with a poor patient prognosis. These results suggest that AKT and pAKT expression is, not only an indicator of cell differentiation, but also a marker of patient prognosis.
Estrogen has been reported to play a role in ovarian cancer carcinogenesis. Our study verified that estrogen stimulates cell migration and down-regulates metastasis suppressor gene nm23-H1 expression, whereas progestin inhibits cell migration and induces nm23-H1 expression. Therefore, it is imperative to understand the hormone regulation of nm23-H1 expression through signal pathways involved in migration and invasion of cancer cells which contribute to the progression and mortality of ovarian cancer.
The PI3K/AKT pathway is involved in many cellular processes, including proliferation, survival, apoptosis, migration, invasion and cytoskeletal rearrangements. Whitley et al (22) reported that insulin and IGF-1 are potential initiators of the PI3K/AKT pathway, which can alter the plasminogen activator system which subsequently influences SKOV-3 cell migration and invasion. The findings presented in this study dissected the importance of this pathway using pharmacological inhibitors, target deletion of AKT in estrogen-or progestin-altered cell migration and invasion with respect to the regulation of nm23-H1 expression. Estrogen, similar to a growth factor, stimulated the intracellular signal transduction pathway in a dose-and time-dependent manner. The phosphorylated AKT was induced by estrogen treatment as early as 30 min. Subsequently, nm23-H1 expression was reduced slightly after estrogen treatment for 24 h and was reduced greatly after treatment for 72 h. Knock-down of AKT expression by siRNA attenuated the stimulating effect of estrogen on cell invasion and migration. Furthermore, the decrease in nm23-H1 expression by estrogen was also blocked by AKT siRNA interference. Similarly, treatment with PI3K inhibitor LY294002 also antagonized the decrease in nm23-H1 expression induced by estrogen. In contrast, the decrease in cell migration and invasion that accompanied the increase in nm23-H1 levels induced by progestin was enhanced by AKT siRNA interference.
The 'traditional' function of estrogen via ER has been well documented. However, the 'non-traditional' functions for estrogen, including cell migration and invasion, via the cell signaling pathway have not been investigated. Our results have expanded our understanding of the relationship between hormone induction of cell metastasis and the PI3K/AKT signaling pathway. Estrogen can down-regulate nm23-H1 expression through activating the PI3K/AKT pathway. Likewise, progestin, in conjunction with the inhibition of the PI3K/AKT pathway can effectively decrease cell migration and invasion by up-regulating nm23-H1 expression. In contrast, the MAPK inhibitor did not affect hormone induction of nm23-H1 expression and cell invasion, suggesting that the extracellular signal-regulated kinase (mitogen-activated protein kinase, MAPK) pathway was not involved in sex hormone regulation of nm23-H1 expression and cell invasion.
